Source localisation can be achieved by employing the time-of-arrival (TOA) measurements between the source and several spatially separated sensors. A simple and accurate algorithm for TOA-based positioning in the presence of multipath propagation is presented. With the use of a pure reflector, the multipath TOA information can be effectively utilised. Simulation results show that the performance of the proposed method approaches the Cramér-Rao lower bound when the measurement errors are sufficiently small.
Introduction: The problem of source localisation using measurements from a number of spatially separated sensors has many important application areas, such as radar, sonar, communications and sensor networks [1] [2] [3] . A typical positioning approach is to utilise the time-of-arrival (TOA) measurements [2] , i.e. the line-of-sight (LOS) path propagation delays between the source and sensors. The measured TOAs can be straightforwardly converted to distance estimates between them by multiplying the former by the speed of signal propagation, from which the source position is computed with the known sensor array geometry.
Nevertheless, multipath propagation often occurs in practical situations which means that apart from the LOS paths, non-line-of-sight (NLOS) TOA information is available. For example, acoustic multipath signals come from bottom bounces or reflections from the ocean surface in sonar [1] while radio multipath signals occur where there are reflections at the ionosphere [4] . Recently, Seow and Tan [3] have proposed a least squares based geometrical localisation approach which utilises both LOS and NLOS measurements to achieve higher positioning accuracy than its LOS-only counterpart. Assuming that the reflector surface is pure [1] , the problem of two-dimensional TOA-based location in the presence of multipath propagation is tackled in this Letter. By representing the reflector as a straight-line equation, we first derive the positions of the virtual sensors, and then follow the hyperbolic localisation approach [5] to develop a two-step weighted least squares (WLS) position estimator using the multipath TOA information. It is shown that the estimation accuracy of the proposed scheme attains the Cramér-Rao lower bound (CRLB) when the measurement errors are sufficiently small. T , where T denotes the transpose operator. For simplicity, but without loss of generality, we assume that the NLOS multipath signals undergo one-bound scattering [3] . The discrete-time signal received at the ith sensor, denoted by r i (k), is then expressed as
where s(k) is the known signal source, a i,1 and D i,1 represent the gain and propagation delay of the LOS path at the ith sensor, respectively, and a i,2 and D i,2 are the corresponding parameters for the NLOS path. The h i (k) is the additive measurement error which is assumed uncorrelated zero-mean white process with variance s i 2 . Consider optimum multipath TOA estimation has been achieved using the nonlinear least squares estimator and we denote the corresponding estimates as {D i,1 } and {D i,2 }. Multiplying {D i,1 } by the known speed of propagation yields M distance measurements based on the LOS paths, denoted by d i :
where · 2 represents the 2-norm and the disturbance q i is characterised by the multipath parameters and s i 2 . To make use of {D i,2 }, we derive the virtual sensor positions corresponding to them as follows.
As depicted in Fig. 1 , we represent the reflector as y = mx + c where m and c are the slope and y-intercept, respectively, and let x i+M be the virtual sensor of x i . The perpendicular distance between the reflector
Equating the expressions of (3) with opposite signs yields
Noting that the slope of the line passing through x i and x i+M is 2m, we have
Solving (4)- (5), the virtual sensor position is
Employing {x M +i } and {D i,2 }, we have another M distance measurements as in (2), denoted as d i+M with disturbance q i+M , i = 1, 2, . . . , M . 
where
. .
which is valid for sufficiently small noise conditions. In the first step, we solve for z without utilising the relationship between x s and R according to WLS
with E{·} is the expectation operator,
is the diagonal matrix constructed from {d i } and Q = cov(q) is the covariance matrix of q = [q 1 , q 2 , . . . , q 2M ]
T . In the second step, we relate x s and R in h 2 by constructing
and the WLS solution of z p iŝ
where 
} which is the average disturbance in {d i }. We also include the results without utilising the multipath information and CRLB for performance comparison. It is seen that there is approximately 2 dB improvement over the scheme which only uses LOS measurements. We also observe that the MSPE of the proposed method attains CRLB when s 2 ≥ 4 dB. To conclude, we have developed a two-dimensional range-based positioning algorithm which effectively utilises multipath information with the use of a pure reflector. It is demonstrated that the proposed method achieves optimum source localisation performance for sufficiently small measurement errors. 
